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Abstract 
The dynamic planning for a system-of-systems is a challenging endeavor. Department of Defense (DoD) programs constantly 
face challenges to incorporate new systems and upgrade existing systems over a period of time under threats, constrained budget, 
and uncertainty. It is therefore necessary for the DoD to be able to look at the future scenarios and critically assess the impact of 
technology and stakeholder changes. The DoD currently is looking for options that signify affordable acquisition selections and 
lessen the cycle time for early acquisition and new technology addition. This paper gives an overview of a novel methodology 
known as the Flexible Intelligent & Learning Architectures in System-of-Systems (FILA-SoS). This approach allows for 
analyzing sequential decisions in evolving SoS architectures.  An ISR SoS example illustrates an application of the method. 
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1. Introduction 
This paper illustrates the architecture evolution in context of system-of-systems (SoS), and provides an approach to 
capture this concept. A SoS consists of many autonomous systems and their inter-connections, leading to a greater 
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capability that fulfills the demand of the task. The environment and the systems are continuously changing. Let there 
be an initial environment model which represents the SoS acquisition environment at wave time T=0. As the SoS 
acquisition progresses through wave cycles, these variables are updated by the SoS Acquisition Manager to reflect 
the current acquisition environment. Thus, the new environment model at wave time T+1 has different demands. 
To fulfill the demands of the mission, a methodology is needed to assess the overall performance of the SoS in 
this dynamic situation. The motivation of evolution is changes in the SoS environment (Chattopadhyay, Ross, & 
Rhodes, 2008). The environmental changes consist of: 
x SoS stakeholder preferences for key performance attributes 
x Interoperability conditions between new and legacy systems 
x Additional mission responsibilities to be accommodated 
x Evolution of individual systems within the SoS 
x Capabilities of individual systems 
The methodology for architectural evolution in the SoS should be such that it addresses all the changes in the 
environment stated above. Figure 1 illustrates the conceptual overview of the SoS at a particular time. The evolution 
of the architecture over a certain time period is referred to as the wave. The evolution of the SoS should take into 
account availability of legacy systems and the new systems willing to join, adapting to changes in mission and 
requirement, as well as the sustainability of the overall operation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. A conceptual overview of System-of-Systems 
Some work has been done in area of SoS architecture evolution. These approaches include the concept of epoch era 
analysis (Rhodes, Ross, & Nightingale, 2009). Epoch-era analysis is a time-based analysis method used for 
conceptualizing system timelines where the context itself defines those timescales. Approximate dynamic 
programming has been used recently to maximize the overall SoS capabilities over a timescale. This objective is 
restricted to a set of resource constraints, such as budget and work force (Fang and DeLaurentis, 2014). The stage 
deployment technique has been used (Weck Od, Neufville Rd & Chaize, 2004) to reduce the economic and 
technological risks due to unceratnity in large scale systems. The rest of the paper is organized as follows. Section 2 
presents the details of the proposed model, while section 3 implements the model on a ISR scenario. Section 4 
presents the results of significance of the parameters selected to model the problem. Concluding remarks are 
presented in section 5. 
2. Proposed Model FILA-SoS 
FILA-SoS stands for Flexible and Intelligent Learning Architectures for SoS. This model has the capability to 
address the issue of SoS architectural evolution in a systematic and adaptive manner. Our approach is founded on 
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generating the initial architecture of the SoS (called the meta-architecture) (Agarwal, Pape, & Dagli, 2014) and then 
implementing it through negotiation with the selected systems. The SoS architecture after the end of each wave is 
saved as a chromosome and serves as a starting point for the start of the next wave. Within the epoch cycles, the SoS 
manager makes cooperation requests to the individual systems for participation based on three issues, namely 
deadline, performance, and funding (Agarwal, Safarpour & Dagli, 2014). We currently have three different system 
negotiation strategies: selfish, opportunistic-Markov, and cooperative. Whereas once the final architecture is selected 
after multiple epochs, it is ready for implementation. This culminates a wave of architecting methodology. The next 
wave would involve a different set of stakeholders, new systems, and new capabilities being added to the inputs for 
meta-architecture generating process. Some systems will be excluded, thereby reducing some capabilities of the SoS.  
The three behaviors that are exhibited by the individual systems are named as given below: 
x Non-cooperative linear optimization (changes in a systems are difficult to make) 
x Opportunistic Markov chain (changes in a system are reasonable to make) 
x Semi-cooperative fuzzy negotiation (changes in a systems are easy to make) 
FILA-SoS and the Wave Process address four of the most challenging aspects of system-of-system architecting: 
x Dealing with the uncertainty and variability of the capabilities and availability of component systems. 
x Providing for the evolution of the system-of-system needs, resources, and environment over time. 
x Accounting for the differing approaches and motivations of the autonomous component system managers. 
x Optimizing system-of-systems characteristics in an uncertain and dynamic environment with fixed budget 
and resources. 
FILA-SoS does so using a straightforward system definitions methodology and an efficient analysis framework 
that supports the exploration and understanding of the key trade-offs and requirements by a wide range system-of-
system stakeholders and decision makers in a short time. The overall structure of the model consists of multiple 
modules that work in cohesion and can also function independently (Agarwal, Pape, Ergin, & Dagli, 2014). These 
modules (refer to Figure 2) are developed in multiple modeling languages and are listed as: 
x Meta-Architecture Generation - MATLAB code 
x Architecture Assessment - MATLAB code 
x SoS Negotiation Model - JAVA code 
x System Negotiation Models - MATLAB code 
x Executable Model - OPM & CPN 
x Overall Negotiation Framework - JAVA code 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. An overview of multiple integrated modules within FILA-SoS 
The capabilities of FILA-SoS include: 
x Aiding the SoS manager in future decision making 
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x Understand emergent behavior of systems in the acquisition environment and impact on SoS architecture 
quality 
x Study the dynamic behavior of different types of systems (selfish, opportunistic, cooperative) 
x Identify intra and interdependencies among SoS elements and the acquisition environment 
x Can be used to model a wide variety of complex systems models, such as logistics, cyber-physical systems, 
etc.  
x Test-bed for decision makers to evaluate operational guidelines and principles for managing various 
acquisition environment scenarios 
x Applicable to SoS that evolve, as it has the multiple wave simulation capability 
3. Processes Involved in the Wave Model and Their Analog in FILA-SoS 
This paragraph maps the processes in FILA-SoS with their analogues in the Wave Model (Dahman et al., 2011) 
of SoS initiation, engineering, and evolution. 
x Initialize SoS 
Wave process: Understand the SoS objectives and operational concept (CONOPS), gather information on core 
systems to support desired capabilities 
FILA-SoS: Enter input values required to run the FILA-SoS, which include the number of negotiation cycles, 
meta-architecture generation model selection type, and individual system negotiation model types   
x Develop/ Evolve SOS 
Wave process: Identify the necessary changes in contributing systems in terms of interfaces and functionality in 
order to implement the SoS architecture  
FILA-SoS: Send connectivity request to individual systems  
x Conduct_SoS_Analysis 
Wave process: Establish an initial SoS baseline architecture for SoS engineering based on SoS requirements 
space, performance measures, and relevant planning elements 
FILA-SoS: Execute the meta-architecture generation model, which selects an initial SoS baseline architecture 
using the given input data. Start the negotiation between SoS and individual systems 
x Plan SoS Update / 
Wave process: Plan for the next SoS upgrade cycle based on the changes in external environment, SoS priorities, 
options and backlogs 
FILA-SoS: Determine which systems to include based on the negotiation outcomes and form a new SoS 
architecture  
x Implement SoS Architecture 
Wave process: Establish a new SoS baseline based on SoS level testing and system level implementation 
FILA-SoS: Evaluate the negotiated architecture quality and decide to renegotiate or move on to the next 
acquisition wave 
x SoS Behavior Object Process Model 
Run SoS behavior model (Colored Petri Nets) for overall functionality and capability of the meta-architecture 
4. FILA-SoS ISR Implementation 
In this section we take the step from the theoretical to the actual. A guiding physical example is taken from 
history during the 1991 Gulf War with Iraqi forces. Existing intelligence, surveillance, and reconnaissance (ISR) 
assets were inadequate to find the (transporter erector launchers) TELs during their vulnerable setup and knock 
down time. So the scenario is recreated to assess the methodology. Please refer to Figure 3. FILA-SoS requires input 
values, which include the number of negotiation cycles, domain specific inputs, fuzzy associative memory to assess 
the quality of the architecture (Pape & Dagli, 2013), meta-architecture generation model selection type, and 
individual system negotiation model types. The ISR model details are as follows:   
The overall Capability: ISR & Targeting of Gulf War Scud TELs 
The sub capabilities (capabilities of contributing systems):  
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x Electro-Optic/InfraRed (EO/IR) search capability 
x Side looking, synthetic aperture radar (SAR) 
x Command and control facilities 
x Exploitation centers (smaller ones in theater and a large one in CONUS) 
x Communication capabilities, both line of sight (LOS) limited to in-theater, and beyond line of sight 
(BLOS)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3. An overview of ISR-SoS 
 
    
Fig. 4. Process flow of modeling and simulation technique adopted for FILA-SoS. 
Figure 4 shows a process flow diagram of the modeling and simulation of SoS within a single wave. Figure 5 
illustrates the bilateral negotiations for the negotiation decision model (Ergin, 2014).  The protocol used of the 
negotiation model falls within the class of multi-issue, multi-party negotiations, where the systems negotiate on all 
the issues together (Agarwal, Safarpour, & Dagli, 2014). The strategy deployed here is to negotiate bilaterally 
between the participating system and the SoS manager. Systems with different behaviours respond differently to 
each offer made by the SoS manager. If the number of rounds of negotiation is predefined and in between, the SoS 
may accept or reject the offer made by the systems - following which there is no more negotiation. Section 4.1 
Starting the next wave of modeling and simulation for meta-architecture generation 
New systems introduced and 
negotiated systems remain 
New environment variables (different 
stakeholders) 
New capabilities are included and 
some capabilites are lost 
Final Architecture selected (end of first wave) 
Meta-Architecture Implementation and Assessment 
SoS coordinator negotiation strategy Participating systems negotiation behavior 
Multiple rounds of negotiations (or 
epochs) 
Meta-Architecture Generation and Assessment 
Fuzzy Genetic Optimization MultiLevel Multi-Objective Optimization 
Cuckoo Search Optimization coupled 
with OPM and CPN 
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describes the evolution of systems as architectures are generated and implemented sequentially for three waves. 
Tables describe the domain specific inputs, and graphs represent systems selected and their interconnections. 
 
 
 
 
 
 
 
Fig. 5. Negotiation protocol between systems and SoS adopted for FILA-SoS. 
4.1. Illustration of the first wave in ISR through FILA-SoS 
Table 1. Domain specific inputs for the first wave in ISR. 
System Type 
Sub-
System 
Cap ability 
Number 
Coverage sq 
mi/hr;  
Develop 
$M/ epoch/ 
interface 
Operate 
$K/hr per 
system 
Time to 
Develop, 
Epochs 
System 
Number 
Fighter EO/IR 1 500 0.2 10 1 1 
Trainer EO/IR 1 2000 2 2 1 2-3 
UAV EO/IR 1 50000 0 15 0 4-8 
DSP IR 1 8000 0.1 1 1 9 
Fighter Radar 2 3000 0.7 10 1 10-12 
JSTARS Radar 2 10000 0.1 18 1 13 
Theatre Exploit 3 5000 2 10 1 14-15 
CONUS Exploit 3 25000 0.2 0 0 16 
Control Cmd & 4 10000 1 2 1 17-18 
LOS Link Comm 5 10000 0.2 0 1 19-20 
BLOS Link Comm 5 5000 0.5 3 1 21-22 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Assessment for the meta-architecture =3.47 
Key Attribute values: 
Performance=2.16; Flexibility=4 
Affordability=3.5   ; Robustness=3.91 
Assessment for the final-architecture =2.5 
Key Attribute values: 
Performance=1.5; Affordability=3.72 
Flexibility=2; Robustness=2 
Multiple Negotiation 
Rounds (epochs) 
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The left side of the figure is the meta-architecture, whereas the right side is the negotiated architecture. The set of 
systems selected and the interfaces is presented as a circular graph. The systems not selected are marked as red 
asterisks. Architecture assessment is done through fuzzy logic based rules (Pape, Giammarco, Colombi, Kilicay-
Ergin, Rebovich, 2013). These rules capture non-linearity in key performance attribute tradeoffs. Moreover, fuzzy 
rules are bale to understand multiple stakeholders’ understanding of key performance attributes. Relative priorities 
of the attributes can also be accommodated by prioritizing assessment rules. The output is the quality of a given 
architecture based on the value of the attributes. The higher the values (on a scale of 4), the better the architecture. 
The systems highlighted in yellow were selected at the end of negotiation process in the previous wave. Hence, they 
are preserved or maintained in the next wave meta-architecture. New systems replace the other systems with 
different values for the key attributes. To make things simple, we have not changed the order of the systems from 
one wave to the next, although this is possible. 
4.2. Illustration of the second wave in ISR through FILA-SoS 
Table 2. Domain specific inputs for the second wave in ISR. 
System Type 
Sub-
System 
Cap ability 
Number 
Coverage sq 
mi/hr;  
Develop 
$M/ epoch/ 
interface 
Operate 
n///hr$K/hr 
per system 
Time to 
Develop, 
Epochs 
System 
Number 
Fighter EO/IR 1 500 0.2 10 1 1 
Trainer EO/IR 1 12000 0.1 8 1 2-3 
UAV EO/IR 1 8000 0.5 2.5 1 4-8 
DSP IR 1 8000 0.1 1 1 9 
Blimp Radar 2 20000 0.5 12 1 10-12 
JSTARS Radar 2 10000 0.1 18 1 13 
Theatre Exploit 3 5000 2 10 1 14-15 
MOBExp Exploit 3 15000 0.1 0.2 0 16 
MOBC2 Exploit 4 12000 1 2 0 17 
Control Cmd & 4 10000 1 2 1 18 
LOS Link Comm 5 10000 0.2 0 1 19-20 
BLOS Link Comm 5 5000 0.5 3 0 21 
Mil-Sat Comm 5 15000 1 5 1 22 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sys1
Sys2
Sys3
Sys4
Sys5
Sys6Sys7
Sys8
Sys9
Sys10
Sys11
Sys12
Sys13
Sys14
Sys15
Sys16
Sys17 Sys18
Sys19
Sys20
Sys21
Sys22
Assessment for the meta-architecture =3.61 
Key Attribute values 
Performance=2.28; Affordability=3.09 
Flexibility=4; Robustness=3.77 
Sys1
Sys2
Sys3
Sys4
Sys5
Sys6Sys7
Sys8
Sys9
Sys10
Sys11
Sys12
Sys13
Sys14
Sys15
Sys16
Sys17 Sys18
Sys19
Sys20
Sys21
Sys22
Assessment for the meta-architecture =3.1 
Key Attribute values 
Performance=1.94; Affordability=3.6 
Flexibility=3; Robustness=3.16 
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4.3. Illustration of the third wave in ISR through FILA-SoS 
Table 3. Domain specific inputs for the third wave in ISR. 
System Type 
Sub-
System 
Cap ability 
Number 
Coverage sq 
mi/hr;  
Develop 
$M/ epoch/ 
interface 
Operate 
n///hr$K/hr 
per system 
Time to 
Develop, 
Epochs 
System 
Number 
Fighter EO/IR 1 500 0.2 10 1 1 
Trainer EO/IR 1 4000 0.5 15 1 2-3 
UAV -A EO/IR 1 3000 1 12  4 
UAV-B EO/IR 1 8000 0.5 2.5 1 5-6 
UAV-C EO/IR 1 5000 0 10 1 7-8 
DSP IR 1 8000 0.1 1 1 9 
Blimp Radar 2 30000 1.9 5 1 10-12 
JSTARS Radar 2 10000 0.1 12 1 13 
Theatre Exploit 3 5000 2 10 1 14-15 
MOBExp Exploit 3 4000 0.15 1 0 16 
MOBC2 Exploit 4 4000 0.1 0.2 0 17 
Control Exploit 4 12000 1 2 1 18 
LOS Link Cmd & 5 10000 0.2 0 1 19-20 
BLOS Link Comm 5 5000 0.5 3 1 21 
Mil-Sat Comm 5 6000 1 1 0 22 
 
 
 
 
 
 
4.4. Results & discussion of architecture evolution 
Subsection 4.1 starts with the inputs for the ISR model. Each of the 22 systems has a particular capability, 
coverage in square miles, interface and operational cost, and time to develop. In addition, each system has an 
assigned behavior for negotiation. The meta-architecture generation model used here is Fuzzy-Genetic optimization 
(Pape, Agarwal, Giammarco, & Dagli, 2014). Results for the multi-level model are not provided due to space 
constraints. The SoS manager disseminates the information to a network of systems. The information involves 
performance required, funding provided, and deadlines within which certain tasks have to execute. Each system in 
the networks interprets the information and makes a decision based on his behavior. The SoS manager possesses a 
Sys1
Sys2
Sys3
Sys4
Sys5
Sys6Sys7
Sys8
Sys9
Sys10
Sys11
Sys12
Sys13
Sys14
Sys15
Sys16
Sys17 Sys18
Sys19
Sys20
Sys21
Sys22
Sys1
Sys2
Sys3
Sys4
Sys5
Sys6Sys7
Sys8
Sys9
Sys10
Sys11
Sys12
Sys13
Sys14
Sys15
Sys16
Sys17 Sys18
Sys19
Sys20
Sys21
Sys22
Assessment for the meta-architecture =3.59 
Key Attribute values 
Performance=2.23; Affordability=2.69 
Flexibility=4; Robustness=4 
Assessment for the meta-architecture =2.5 
Key Attribute values 
Performance=1.78; Affordability=3.27 
Flexibility=2; Robustness=1.29 
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tool designed for evaluating operational guidelines and principles for incentive contract design for SoS acquisition 
under various acquisition environment scenarios. This negotiation tool can provide analysis of how incentives can 
be used to improve lack of collaboration in SoS acquisition, which is a leading problem in SoS acquisition 
effectiveness, and to ensure effective SoS mission performance. Table 4 below describes how different systems are 
assigned negotiation behavioural models.   
Table 4. Different systems in the selected meta-architecture are assigned random behaviors of negotiation. 
 
 
 
 
 
 
 
 
 
4.5. System Architecture Modeled by OPM and CPN 
FILA-SoS architecting methodology is made executable by combining the capabilities of Object Process 
Methodology (OPM), Colored Petri Net (CPN), and the feature model (Agarwal, Wang & Dagli, 2014). The 
resultant model can capture the structural, behavior, and dynamic aspects of a system. An illustration is provided in 
Figure 7. The SoS shown here comprises four types of systems: Reconnaissance, Communication, Exploitation 
Center, and Command & Control systems. Each system is described by a set of attributes and is associated with 
some processes that may change the states of other systems. For details, please refer to Wang, Agarwal & Dagli, 
2014. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Generative class model for SoS represented using OPM  
5. Conclusion 
The FILA-SoS and the Wave Process provides a means to optimize system-of-systems architecture in the face of 
dynamic requirements and uncertainty in component system capabilities and participation. The FILA-SoS 
implementation provides a useful tool for architects and other system-of-system decision makers. Integrated models 
Systems Selected Behavior 
Fighters (EO/IR) (1-6) Semi-Cooperative 
RPA (7) Semi-Cooperative 
U-2 (8,9,10) Cooperative 
…… Cooperative, Non-Cooperative, Semi-
Cooperative 
JSTARS (13) Non-Cooperative 
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of FILA-SoS can be used independently as a system of systems decision making tools. FILA-SoS presents the first 
attempt to combine multiple behaviors of systems participating in a complex adaptive SoS operational scenario. The 
model provides multiple approaches and motivations of the autonomous component system managers. Authors wish 
to extend the model to include multiple interface alternatives among systems and incorporate risk models into 
environmental scenarios. The present model can be adjusted for different domains and stakeholders, as well as new 
attributes can be added and old ones discarded. FILA-SoS integrated model is currently being validated with a real 
life example from MITRE Corporation. FILA-SoS attempts to address the three research questions:  
x What is the impact of different constituent system perspectives regarding participating in the SoS on the 
overall mission effectiveness of the SoS? 
x How do differing levels of cooperativeness in participating in the SoS impact the ability and timeliness of a 
group to agree on a SoS or system architecture?  Or impact the ability to effectively use the architecture 
already in place? 
x How should decision-makers incentivize systems to participate in SoS, and better understand the impact of 
these incentives during SoS development and effectiveness? . 
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